. The high [Cl Ϫ ] i results from inwardly directed Cl Ϫ transporters such as the Na-K-Cl cotransporter (NKCC) (Plotkin et al., 1997; Clayton et al., 1998; Kakazu et al., 1999) . This GABA-induced depolarization can elevate the intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) via the activation of voltage-dependent Ca 2ϩ channels (VDCCs) (Leinekugel et al., 1995; Obrietan and van den Pol, 1995; Owens et al., 1996) and may contribute to several aspects of CNS development, such as the rate and direction of neuritic growth (Mattson and Kater, 1987; Obrietan and van den Pol, 1996) and gene expression (Vaccarino et al., 1992; Bading et al., 1993) .
GABA is the primary inhibitory neurotransmitter throughout the mammalian CNS. The activation of ionotropic GABA A receptors inhibits neuronal excitability by increasing the Cl Ϫ conductance of the membrane. In adult neurons, this typically results in postsynaptic hyperpolarization, although in developing neurons GABA A receptor activation causes a depolarization because of the high intracellular Cl Ϫ concentration ([Cl Ϫ ] i ) (Obrietan and van den Pol, 1995; Chen et al., 1996) . The high [Cl Ϫ ] i results from inwardly directed Cl Ϫ transporters such as the Na-K-Cl cotransporter (NKCC) (Plotkin et al., 1997; Clayton et al., 1998; Kakazu et al., 1999) . This GABA-induced depolarization can elevate the intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) via the activation of voltage-dependent Ca 2ϩ channels (VDCCs) (Leinekugel et al., 1995; Obrietan and van den Pol, 1995; Owens et al., 1996) and may contribute to several aspects of CNS development, such as the rate and direction of neuritic growth (Mattson and Kater, 1987; Obrietan and van den Pol, 1996) and gene expression (Vaccarino et al., 1992; Bading et al., 1993) .
Activation of presynaptic GABA A receptors in sensory afferent neurons inhibits neurotransmitter release despite its depolarizing action (Levy, 1977; Rudomin and Schmidt, 1999) . This primary afferent depolarization (PAD) is thought to block the conduction of action potentials (APs) in the presynaptic terminals both by membrane shunting and by the inactivation of Na ϩ channels (Segev, 1990; Graham and Redman, 1994; Cattaert and El Manira, 1999) , causing a reduction of monosynaptic EPSPs in target neurons (Cattaert et al., 1992) . The activation of presynaptic GABA A receptors inhibits both electrically evoked and high K ϩ -evoked release of neurotransmitter or hormone from nerve terminals (Dyball and Shaw, 1978; Nicoll and Alger, 1979; Pickles, 1979; Tachibana and Kaneko, 1987; Saridaki et al., 1989; Rudomin, 1990; Zhang and Jackson, 1995) .
In immature rat hypothalamic neurons, GABA evokes postsynaptic depolarization because of the high [Cl Ϫ ] i , suggesting a possible excitatory role of GABAergic transmission during development (Chen et al., 1996) . However, it is still unknown whether presynaptic GABA A receptor activation can increase the probability of neurotransmitter release and whether the presynaptic nerve terminals have the higher [Cl Ϫ ] i that may be responsible for GABA-induced presynaptic depolarization. In the present study, we have investigated this hypothesis directly using mechanically dissociated rat ventromedial hypothalamic (VMH) neurons, taking care to preserve the attached glutamatergic nerve terminals [the "synaptic bouton" preparation (Rhee et al., 1999) ]. This preparation allows us to focus selectively on presynaptic GABA A receptors and to study the effects of their activation on glutamatergic transmission.
MATERIALS AND METHODS
Preparation. Wistar rats (12-15 d old) were decapitated under pentobarbital anesthesia (50 mg / kg, i.p.). The brain was quickly removed and transversely sliced at a thickness of 370 m by use of a microslicer (V T1000S; Leica, Nussloch, Germany). Slices were kept in the control incubation medium (see below) saturated with 95% O 2 and 5% C O 2 at room temperature (21-24°C) for at least 1 hr before the mechanical dissociation. For dissociation, slices were transferred into a 35 mm culture dish (Primaria 3801; Becton Dickinson, Rutherford, NJ), and the region of the V M H was identified under a binocular microscope (SMZ-1; Nikon, Tokyo, Japan). Details of the mechanical dissociation have been described previously (Rhee et al., 1999) . Briefly, mechanical dissociation was accomplished using a custom-built vibration device and a firepolished glass pipette oscillating at ϳ3-5 Hz (0.1-0.2 mm). The tip of the fire-polished glass pipette was lightly placed on the surface of the V M H region with a micromanipulator. The tip of glass pipette was vibrated horizontally for ϳ2 min. Slices were removed, and the mechanically dissociated neurons were allowed to settle for 15 min and adhere to the bottom of the dish. Such neurons undergoing dissociation retained short portions of their proximal dendrites.
For the slice preparation, the brain was quickly removed and transversely sliced at a thickness of 250 m by use of a microslicer (V T1000S; Leica). The slices were kept in a cold low-Na ϩ medium (see below) for at least 1 hr. Thereafter the slices were transferred into a recording chamber, and the V M H was identified under an upright microscope (Axioscope; Z eiss). Bath solution was perf used at 8 -10 ml /min.
All experiments conformed to the guiding principles for the care and use of animals approved by the Council of the Physiological Society of Japan, and all efforts were made to minimize the number of animals and any suffering.
Electrical measurements. Most of the electrical measurements were performed using the conventional whole-cell patch-clamp recording mode at holding potentials (V H values) of Ϫ57 to Ϫ63 mV, except where indicated. Membrane voltage was controlled and currents were recorded by the use of a patch-clamp amplifier (CEZ-2300; Nihon Kohden, Tokyo, Japan). Patch pipettes were made from borosilicate capillary glass (1.5 mm outer diameter; 0.9 mm inner diameter; G-1.5; Narishige, Tokyo, Japan) in two stages on a vertical pipette puller (PB-7; Narishige). The resistance of the recording pipettes filled with internal solution was 5-6 M⍀. Electrode capacitance and liquid junction potential were compensated for, but series resistance was not. Neurons were visualized under phase contrast on an inverted microscope (Diapot; Nikon). Current and voltage were continuously monitored on an oscilloscope (VC -6023; Hitachi) and a pen recorder (REC TI-HORI T-8K ; Sanei, Tokyo, Japan) and recorded on a digital-audio tape recorder (RD-120TE; TEAC). Membrane currents were filtered at 1 kHz (E-3201A Decade Filter; N F Electronic Instruments, Tokyo, Japan), digitized at 4 kHz, and stored on a computer equipped with pCL AM P 8.0 (Axon Instruments). All experiments were performed at room temperature (21-24°C), except for the slice experiments that were performed at 30 -33°C.
To record evoked EPSC s (eEPSC s) in the slice preparation, a glass stimulation pipette (ϳ5 m diameter), filled with the incubation medium, was positioned around the amygdala region. Brief (100 sec) voltage pulses were applied by the pipette at a stimulation frequency of 0.1 Hz using the PUL SE software (H EK A). Data were filtered at 3 kHz and digitized at 10 kHz.
Data anal ysis. Spontaneous EPSC s (sEPSC s) were counted and analyzed using the MiniAnalysis program (Synaptosoft). Spontaneous events were initially detected automatically by use of an amplitude threshold of 3 pA at V H values of Ϫ57 to Ϫ63 mV and then visually accepted or rejected on the basis of the rise and decay times. Events with brief rise times (0.5-1.5 msec) and with decay times that were well fitted by a single-exponential f unction were selected for analysis. The amplitudes and interevent intervals of large numbers of sEPSC s obtained from a single neuron were examined by constructing all-point cumulative probability distributions and compared using the Kolmogorov-Smirnov (K-S) test with StatView software (SAS Institute, Inc.). Values of p Ͻ 0.05 were considered significant. Averaged sEPSC frequency and amplitude were normalized to the control conditions and are provided as means Ϯ SEM. Differences in sEPSC amplitude and frequency were tested with Student's paired two-tailed t test using their absolute values. Values of p Ͻ 0.05 were considered significant.
Solutions. The incubation medium consisted of (in mM) 124 NaC l, 5 KC l, 1.2 K H 2 PO 4 , 24 NaHC O 3 , 2.4 CaCl 2 , 1.3 MgSO 4 , and 10 glucose saturated with 95% O 2 and 5% C O 2 . The pH was ϳ7.45. The low-Na ϩ medium consisted of (in mM) 230 sucrose, 2.5 KC l, 1.25 Na 2 HPO 4 , 10 MgSO 4 , 0.5 CaCl 2 , 26 NaHC O 3 , and 30 glucose. The standard external solution consisted of (in mM) 150 NaC l, 5 KC l, 2 C aC l 2 , 1 MgC l 2 , 10 glucose, and 10 H EPES. C a 2ϩ -free external solution consisted of (in mM) 150 NaC l, 5 KC l, 5 MgC l 2 , 2 EGTA, 10 glucose, and 10 H EPES. These external solutions were adjusted to pH 7.4 with Tris base. The ionic composition of the internal (patch pipette) solution was (in mM) 145 C s-methanesulfonate, 5 tetraethylammonium-C l, 5 C sC l, 2 EGTA, and 10 H EPES with pH adjusted to 7.2 with Tris base. In some experiments, as indicated below, 4 mM Mg-ATP was added to this pipette solution.
Drugs. Drugs used in the present study were tetrodotoxin (TTX), bicuculline, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), cis-aminocrotonic acid (CACA), EGTA, GABA, muscimol, bumetanide, baclofen, nicardipine, and Mg-ATP (all from Sigma, St. Louis, MO); GYKI52466 from Research Biochemicals (Natick, MA); -conotoxin GVIA (-CgTx) and -agatoxine IVA (-AgTx) from the Peptide Institute (Osaka, Japan); and furosemide from Tokyo Kasei (Tokyo, Japan). CGP55845A was a kind gift from Dr. B. Willi. C NQX, bicuculline, and bumetanide were dissolved in dimethylsulfoxide at 10 mM as a stock solution. All drugcontaining solutions were applied using the "Y-tube system" that results in solution exchange within ϳ20 msec (Akaike and Harata, 1994) .
RESULTS

Spontaneous EPSCs
Hypothalamic neurons receive strong GABAergic inputs (Decavel and van den Pol, 1990a,b) . To distinguish functional GABA A receptors on glutamatergic presynaptic nerve terminals projecting to VMH neurons from those on the postsynaptic membrane, we used two experimental strategies. First, the V H of VMH neurons was adjusted to the reversal potential of GABAinduced currents (E GABA ) to minimize the change of postsynaptic currents resulting from the activation of postsynaptic GABA A receptors by exogenous GABA application. Second, ATP was excluded from the pipette solution to induce a selective and rapid rundown of the postsynaptic GABA A response (Shirasaki et al., 1992; Akaike, 1995; Harata et al., 1997) .
Exogenous GABA (5 M) induced large outward currents in all VMH neurons when held at Ϫ40 mV and when applied shortly after membrane rupture (Fig. 1 Aa) . The GABA responses obtained with pipettes that contained no ATP gradually declined by 80% within 15 min after the membrane rupture, whereas this substantial decrease in peak current was not observed when the pipettes contained 4 mM Mg-ATP ( Fig. 1 Ab) . The GABAinduced postsynaptic currents ( Fig. 1 B ) reversed polarity at a V H of Ϫ61.1 Ϯ 0.3 mV (n ϭ 4; E GABA ). This compares with the theoretical Cl Ϫ equilibrium potential (E C l ) of Ϫ69.9 mV calculated from the Nernst equation using extracellular and intracel- Chen et al. (1996) ], and we conducted no further study to elucidate any other source of this difference. Thus in all of the following experiments, the V H for each neuron was finely adjusted to the experimentally measured postsynaptic E GABA , and each neuron was well dialyzed with ATP-free pipette solution.
In neurons held under these conditions, the recorded spontaneous postsynaptic currents were completely and reversibly blocked by adding 10 M CNQX (n ϭ 4) ( Fig. 1C ) and 3 M GYKI52466, a specific antagonist of the AMPA receptor, but were not affected by adding either 10 M bicuculline or 10 M AP-5 (data not shown). Furthermore, these sEPSCs clearly reversed close to 0 mV (Fig. 1 D) . These results are consistent with the sEPSCs being generated by currents passing through AMPA receptor channels.
GABAergic modulation of sEPSCs
To examine whether the activation of GABA A receptor influences glutamatergic transmission, GABA was reapplied to the neurons 30 -40 min after membrane rupture and after the postsynaptic response had been minimized. GABA increased the sEPSC frequency to 144.7 Ϯ 18.8% of the control ( p Ͻ 0.05; n ϭ 10) ( Fig. 2 Ba, inset). The cumulative distribution of sEPSC frequency was significantly shifted to the left by GABA, indicating an increase in sEPSC frequency, whereas that of sEPSC amplitude was not changed (Fig. 2 Bb) . The results suggest that GABA acts presynaptically to facilitate glutamate release at these synapses. However, if both GABA A and GABA B receptors are localized on the same glutamatergic nerve terminals, the application of GABA could activate both receptor types at the same time. Functional GABA B receptors do indeed appear to exist on the glutamatergic nerve terminals because sEPSC frequency was greatly reduced to 41.12 Ϯ 7.43% of the control by adding 30 M baclofen, a selective GABA B receptor agonist ( p Ͻ 0.01; n ϭ 5) (Fig. 2C,D) . Mean current amplitude was unaffected. Application of 10 M CGP55845A, a selective GABA B receptor antagonist, did not affect glutamatergic transmission ( p Ͼ 0.2; n ϭ 13) (Fig. 2C,D) . These results suggest that the activation of GABA B receptors attenuates the action of GA BA A receptor on sEPSC frequency.
To isolate the GABA A receptor actions, GABA was applied in the presence of GABA B blockade (10 M CGP55845A). Under these conditions, GABA facilitated sEPSC frequency to 225.1 Ϯ 25.7% of the control ( p Ͻ 0.01; n ϭ 13) (Fig. 3A ,Ba, inset) without affecting the mean current amplitude. This was a significantly greater facilitation than that observed in the absence of CGP55845A ( p Ͻ 0.05, Student's unpaired t test). All facilitation was blocked by adding 10 M bicuculline, a selective GABA A receptor antagonist (n ϭ 8) (Fig. 3C ). Taken together, these results suggest that both functional GABA A and GABA B receptors are located on the glutamatergic nerve terminals projecting to VMH neurons and that the activation of these two receptors could modulate the glutamatergic transmission in a competitive manner.
To confirm that GABA facilitates sEPSC frequency via GABA A receptors, the GABA A receptor agonist muscimol was tested. Muscimol (0.5 M) greatly increased sEPSC frequency to 264.0 Ϯ 26.7% of the control ( p Ͻ 0.01; n ϭ 10) without affecting mean sEPSC current amplitude (Fig. 4 Aa,Ab). Muscimol at 5 M did not cause any further facilitation of sEPSC frequency (264.1 Ϯ 29.0% of the control), whereas 50 M muscimol actually caused a reduced facilitation of sEPSC frequency (178.6 Ϯ 21.7% of the control). To evaluate this concentration dependence further, the time course of muscimol-induced sEPSC facilitation was analyzed further (Fig. 4Ac) . Low concentrations of muscimol persistently facilitated sEPSCs throughout the application period, whereas high concentrations of muscimol only transiently increased sEPSC frequency. The muscimol action on sEPSC frequency was easily reproduced after repeated applications (Fig.  4 B) . The kinetics of sEPSCs, including their rise times and the decay time constants, was unaltered by muscimol (the 10 and 90% rise times being 0.87 Ϯ 0.05 and 0.85 Ϯ 0.15 msec; the time constants of the decay being 3.19 Ϯ 0.24 and 3.21 Ϯ 0.15 msec for control and muscimol, respectively; n ϭ 11). Furthermore, CACA (1 or 10 M), a selective GABA C receptor agonist, did not alter sEPSC frequency and amplitude (n ϭ 4; data not shown). Therefore, because of its specificity of action on GABA A receptors, muscimol, rather than GABA, was used in the following experiments.
Mechanism of GABA A receptor-mediated sEPSC facilitation
In immature neurons, either synaptically released or exogenously applied GABA induces membrane depolarization followed by increases in [Ca 2ϩ ] i (Leinekugel et al., 1995; Obrietan and van den Pol, 1995) . Alternatively, GABA-induced depolarization elicits increases in [Ca 2ϩ ] i by activation of Ca 2ϩ channels secondary to the activation of Na ϩ channels (Hales et al., 1994; Owens et al., 1996) . Thus, it was tested whether GABA A receptor-mediated sEPSC facilitation depended on the activation of either voltage-dependent Na ϩ and/or Ca 2ϩ channels. Removal of extracellular Ca 2ϩ greatly reduced sEPSC frequency to 53.1 Ϯ 2.9% of the control ( p Ͻ 0.01; n ϭ 5) (Fig. 5B) without affecting the distribution of current amplitudes. The results indicate that extracellular Ca 2ϩ influxes markedly contribute to the generation of sEPSCs. In the Ca 2ϩ -free external solution, muscimol failed to facilitate sEPSC frequency (n ϭ 5) (Fig. 5A,B) . Thus, muscimol-induced sEPSC facilitation seems to be dependent on the presence of extracellular Ca 2ϩ . Because muscimol-induced sEPSC facilitation requires Ca 2ϩ influxes from the extracellular site, we tested whether the activation of VDCCs is responsible for this Ca 2ϩ influx. Cd 2ϩ (100 M), a general high-threshold VDCC blocker, significantly reduced sEPSC frequency to 59.15 Ϯ 7.84% of the control ( p Ͻ 0.05; n ϭ 5; data not shown). In the presence of Cd 2ϩ , the facilitatory action of muscimol on sEPSC frequency was completely abolished (103.87 Ϯ 11.24% of the Cd 2ϩ condition; data not shown). However, because Cd 2ϩ is known to block the GABA A response (Kumamoto and Murata, 1995; Fisher and Macdonald, 1998) , we tested further the effect of a range of more specific VDCC antagonists, including -CgTx (N-type blocker), -AgTx (P/Q-type blocker), and nicardipine (L-type blocker), on the muscimol-induced sEPSC facilitation. Exposure of the mixture of these three antagonists (3 M -CgTx, 0.3 M -AgTx, and 3 M nicardipine) to VMH neurons decreased sEPSC frequency to 55.42 Ϯ 6.46% of the control ( p Ͻ 0.05; n ϭ 5) without affecting the distribution of sEPSC current amplitudes (Fig.  6 B,C) . In these conditions, muscimol again failed to facilitate sEPSC frequency (n ϭ 5) (Fig. 6 A,Ba,Ca) .
Next, we tested whether muscimol action on sEPSC frequency depends on a direct activation of VDCCs or is secondary to activation of voltage-dependent Na ϩ channels. In 12 of 14 neurons tested, 0.3 M TTX completely abolished the facilitatory effect of 0.5 M muscimol on sEPSC frequency (n ϭ 12) (Fig.  7A,B) , suggesting that TTX-sensitive Na ϩ channels are responsible for the VDCC activation. In two neurons, however, musci- mol somewhat increased sEPSC frequency despite the presence of TTX, although its facilitatory effect was reduced (data not shown). The variability of the TTX effect on muscimol-induced sEPSC facilitation did not seem to be related to the lower concentration of muscimol used because even the facilitatory effect of 50 M muscimol was absent in the presence of 0.3 M TTX (n ϭ 4; data not shown). TTX itself decreased sEPSC frequency to 65.7 Ϯ 6.1% of the control ( p Ͻ 0.05; n ϭ 12) (Fig. 7B) without affecting the distribution of sEPSC current amplitudes, indicating that TTX-sensitive Na ϩ channels also contribute to the generation of sEPSCs.
GABA A receptor-mediated presynaptic depolarization
Because muscimol-induced sEPSC facilitation depends on the activation of Na ϩ channels, it suggests that the activation of presynaptic GABA A receptors depolarizes the glutamatergic nerve terminals. This indicates that the intraterminal [Cl Ϫ ] i might be maintained higher than predicted for a passive distribution. If this hypothesis is true, the higher [Cl Ϫ ] i might be established by some inwardly directed Cl Ϫ transport systems, A, a, Typical traces of sEPSCs in the absence of (Control ) and in the presence of four different muscimol concentrations as indicated. b, Mean ratio of sEPSC frequency facilitation from 8 to 10 neurons. All columns were normalized to the control (dotted line). Note that the facilitation induced by 50 M muscimol was less than that induced by 0.5 M muscimol. c, Time course of sEPSC frequency before, during, and after the application of 0.5 and 50 M muscimol. The number of events in every 10 sec period was summed and plotted. Each point is the mean Ϯ SEM from 10 and 8 neurons for 0.5 and 50 M muscimol, respectively. Note that 0.5 M muscimol has a persistent effect during the period of application, whereas 50 M muscimol-induced sEPSC facilitation was rapidly attenuated during the period of application. B, The time course of sEPSC frequency during six consecutive applications of 0.5 M muscimol. The number of events in every 10 sec period (open circles, presence of muscimol; closed circles, absence of muscimol) was summed and plotted. Each point is the mean Ϯ SEM from five neurons. Mus, Muscimol; n.s., not significant.
such as the NKCC, the Cl Ϫ -HCO 3 Ϫ exchanger, and the Na ϩ -dependent Cl Ϫ -HCO 3 Ϫ exchanger (Alvarez- Leefmans, 1990; Kaila, 1994; Plotkin et al., 1997; Clayton et al., 1998; Russell, 2000) . In immature CNS neurons and sensory neurons, NKCC has a pivotal role in generating higher [Cl Ϫ ] i and subsequent GABA-induced depolarization (Alvarez- Leefmans, 1990; Russell, 2000) . To investigate the role of NKCC, we examined the effect of bumetanide, an NKCC blocker (Haas, 1989; Xu et al., 1994) , on the muscimol-induced facilitation of sEPSC frequency. At low concentrations (ϳ10 M), bumetanide is specific for NKCC (Russell, 2000) .
As shown in Figure 4 B, the facilitatory action of muscimol (0.5 M) on sEPSC frequency was reproduced during repeated applications of muscimol. In contrast, in the continued presence of bumetanide (10 M), the facilitatory effect of muscimol on sEPSC frequency was gradually attenuated (Fig. 8 A) . The muscimolinduced facilitation was significantly reduced from 280.3 Ϯ 30.3% facilitation observed in response to the first application to 181.1 Ϯ 13.7 and 140.3 Ϯ 17.3% for the second and third applications, respectively ( p Ͻ 0.05; n ϭ 6) (Fig. 8 Ab) . It should be noted, however, that the first application of muscimol in the presence of bumetanide induced nearly the same facilitatory effect as that observed in the absence of bumetanide (Fig. 8 B) . It is unlikely that the lack of effect is caused by a short bumetanide preincubation time, because even the first application of muscimol after longer (Ͼ10 min) preincubation with bumetanide induced nearly the same facilitatory effect (n ϭ 4; data not shown). On the other hand, the muscimol facilitation slowly recovered after washing out of bumetanide (151.9 Ϯ 16.9 and 213.6 Ϯ 19.2% for 8 and 18 min, respectively) (Fig. 8 A) . However, the effects of bumetanide were not complicated by direct GABA A receptor blockade, because 10 M bumetanide did not influence the GABAergic sIPSC amplitude (Fig. 8 B) . The effects of a higher concentration of muscimol on sEPSC frequency were also tested in the presence of bumetanide. The facilitatory effects of 10 M muscimol on sEPSC facilitation were also sensitive to bumetanide and seemed to be more rapidly attenuated (210.3 Ϯ 19.0, 121.4 Ϯ 15.3, and 104 .6 Ϯ 7.6% facilitation for the first, second, and third applications, respectively) than was observed with the lower muscimol concentration. The facilitatory action of the higher muscimol concentration also recovered more slowly after washout of bumetanide (118.7 Ϯ 9.8 and 155.4 Ϯ 10.7% facilitation for 8 and 18 min, respectively; n ϭ 5) (Fig. 9A) . In addition, 300 M furosemide, a less potent NKCC blocker, mimicked the action of bumetanide on muscimolinduced facilitation of sEPSC frequency (n ϭ 4) (Fig. 9B) . The results clearly indicate that functional NKCC exists on these glutamatergic nerve terminals and plays an important role in the maintenance of high [Cl
The effect of muscimol on eEPSCs
We also examined whether muscimol affects electrically evoked and spontaneous release from the excitatory amygdala neurons that synapse onto VMH neurons in the slice preparation This amygdala-VMH connection has been well documented both morphologically (McBride and Sutin, 1977) and electrophysiologically (Renaud, 1976) . Muscimol (0.5 M) slightly decreased eEPSC amplitude to 84.3 Ϯ 6.7% of the control ( p Ͻ 0.05; n ϭ 4) (Fig. 10 A) , whereas it facilitated sEPSC frequency (Fig. 10 Ba) . The decrease in eEPSC amplitude does not seem to be caused by postsynaptic effects, because the distribution of sEPSC amplitudes did not change during the application of muscimol (Fig.  10 Bb) . At a higher concentration (5 M), muscimol further decreased eEPSC amplitude, but it also slightly decreased sEPSC amplitude (n ϭ 4; data not shown).
DISCUSSION
GABA receptors on the excitatory presynaptic nerve terminals
GABA activates three classes of ligand-operated receptors, GABA A , GABA B , and GABA C receptors. In the present study, GABA strongly facilitated sEPSC frequency in the presence of the GABA B receptor antagonist. Furthermore, this facilitation was completely and reversibly blocked by bicuculline, a selective GABA A receptor antagonist, and mimicked by muscimol, a GABA A receptor agonist. GABA C receptor participation appeared to be negligible. In contrast, GABA B receptor activation by baclofen reduced sEPSC frequency. The results clearly indicate that functional GABA A and GABA B receptors modulate the probability of spontaneous glutamate release onto VMH neurons.
As the concentration of muscimol was increased from 0.5 to 50 M, there was no further facilitation of sEPSC frequency. One possibility is that muscimol at high concentrations might actually change the relative Cl Ϫ concentrations, e.g., by reducing intraterminal Cl Ϫ , so that E C l is no longer so depolarizing during the prolonged agonist application (see also below). Alternatively, muscimol at lower concentrations induces a mild presynaptic depolarization, which elicits repeated Na ϩ spikes during the agonist application. At a high concentration, muscimol induces a greater depolarization, which only transiently increases Na ϩ spike frequency and is followed by inactivation of Na ϩ channels, thereby attenuating the muscimol-induced sEPSC facilitation over the period of agonist application.
GABA-induced presynaptic depolarization activates both Na
؉ and Ca 2؉ channels
In immature rat hypothalamic nerve cell bodies, GABA Amediated depolarization, which arises from E GABA being positive to the resting membrane potential, plays an excitatory role by directly evoking APs (Chen et al., 1996) . In immortalized hypothalamic (GT1-7) neurons, GABA evokes APs after the activation of Ca 2ϩ channels, which increases [Ca 2ϩ ] i (Hales et al., 1994) . In rat embryonic and neonatal cortical slices, GABA A receptor-mediated spontaneous increases of [Ca 2ϩ ] i are abolished by TTX (Owens et al., 1996) . Additionally, GABA A receptor-mediated depolarization directly increases [Ca 2ϩ ] i even after blockade of TTX-sensitive Na ϩ channels in some developing neuronal systems (Yuste and Katz, 1991; Horvath et al., 1993; . Effect of NKCC blockers on muscimol-induced facilitation of sEPSC frequency. A, a, Typical time course of sEPSC frequency before, during, and after repeated applications of 10 M muscimol in the absence and presence of 10 M bumetanide as indicated. The number of events in every 10 sec period was summed and plotted. Note that 10 M muscimolinduced facilitation of sEPSC frequency was more quickly attenuated than was that of 0.5 M muscimol (compare Fig. 8 A) . b, Muscimolinduced facilitation ratios in the absence and presence of bumetanide. All columns are the mean of five neurons and normalized to the control (dotted line). B, a, Typical time course of sEPSC frequency before, during, and after repeated applications of 0.5 M muscimol in the absence and presence of 300 M furosemide as indicated. The number of events in every 10 sec period was summed and plotted. b, Muscimol-induced facilitation ratios in the absence and presence of furosemide. All columns are the mean of four neurons and normalized to the control (dotted line). Reichling et al., 1994) . Thus, GABA A receptor-mediated depolarization is thought to exceed the threshold for the activation of both Na ϩ channels and VDCCs. In the present study, muscimol-induced sEPSC facilitation was completely blocked by TTX in most neurons tested, suggesting that muscimol-induced depolarization might directly contribute to the activation of voltage-dependent Na ϩ channels in the presynaptic nerve terminals. Muscimol-induced sEPSC facilitation was also abolished in the Ca 2ϩ -free external solution and in the presence of a solution containing either Cd 2ϩ or a mixture of high-threshold VDCC antagonists. Together, these results strongly suggest that the activation of GABA A receptors facilitates spontaneous release of glutamate by activating TTXsensitive Na ϩ channels, followed by the opening of VDCCs and the subsequent extracellular Ca 2ϩ influx. Occasionally, however, muscimol-induced sEPSC facilitation occurred even in the presence of TTX. In these cases, muscimol-induced depolarization may be sufficiently large enough to activate VDCCs directly without the involvement of Na ϩ channels.
GABA-induced presynaptic depolarization and NKCC
Our results suggest that, in hypothalamic neurons, the [Cl Ϫ ] i of glutamatergic nerve terminals is maintained higher than predicted for a passive distribution. This would require the presence of an inwardly directed Cl Ϫ transport system, such as the NKCC, the Cl Ϫ -HCO 3 Ϫ exchanger, and the Na ϩ -dependent Cl Ϫ -HCO 3 Ϫ exchanger (Alvarez- Leefmans, 1990; Kaila, 1994; Russell, 2000) . However, because HEPES-buffered external solution (rather than a bicarbonate buffer) was used in the present study, the influences of both the Cl Ϫ -HCO 3 Ϫ exchanger and the Na ϩ -dependent Cl Ϫ -HCO 3 Ϫ exchanger should be negligible. Of the two known types of NKCC, NKCC-1 is detected at significant levels in the brain and expressed maximally by postnatal days 7-14 (Plotkin et al., 1997; Clayton et al., 1998) . Thus, NKCC-1 may be responsible for generating this intracellular accumulation of [Cl Ϫ ] i , thereby creating an outwardly directed Cl Ϫ driving force and the GABA-induced presynaptic depolarization.
In the present study, this possibility was tested using a pharmacological approach. Bumetanide (10 M) gradually attenuated muscimol-induced sEPSC facilitation. It was unlikely that a direct blockade of GABA A receptors contributed to this, because 10 M bumetanide did not change either amplitude or frequency of spontaneous GABAergic events. Furthermore, at a higher concentration of muscimol, muscimol-induced sEPSC facilitation was more quickly attenuated in the presence of bumetanide. These results suggest that muscimol reduces the magnitude of the presynaptic terminal [Cl Ϫ ] gradient and that the restoration of this gradient is dependent on the activity of NKCC. Higher concentrations of muscimol may more potently dissipate the Cl Ϫ gradient, and hence attenuation of the muscimol-induced sEPSC facilitation by bumetanide was more rapid and potent. Furosemide also mimicked the bumetanide action on muscimol-induced sEPSC facilitation. In conclusion, our pharmacological results suggest that presynaptic NKCCs generate an outwardly directed Cl Ϫ driving force for GABA A receptor-mediated presynaptic depolarization. It should also be noted that muscimol induced a facilitatory effect in response to the first muscimol application in the presence of bumetanide that was similar to the control. Such results are consistent with the previous finding (Xu et al., 1994 ) that a decrease of [Cl Ϫ ] i is an important stimulus for the activation of bumetanide-sensitive NKCCs. Our data are clearly consistent with the presence of functioning NKCCs on the presynaptic nerve terminals, although more direct evidence demonstrating the localization of NKCCs on the presynaptic nerve terminals using an immunohistochemical study with an N KCC -specific antibody would be useful.
The K-Cl cotransporter is a major Cl Ϫ extrusion mechanism the increased expression levels of which during the second week of postnatal development have been shown to contribute to the conversion of GABA-induced postsynaptic responses from depolarization to hyperpolarization (Kakazu et al., 1999; Rivera et al., 1999; Vu et al., 2000) . It would also be interesting to determine whether this outwardly directed Cl Ϫ transporter can also regulate presynaptic nerve terminal [Cl Ϫ ] i during neuronal development.
Physiological implications
Most axoaxonic GABAergic synapses, which represent the morphological substrate of presynaptic inhibition, have been found on the terminal arbor between the axon and the output synapses as well as close to the presynaptic release sites (Atwood et al., 1984; Lamotte d'Incamps et al., 1998; Cattaert and El Manira, 1999) . In the crayfish locomotor system, in which PADs do not directly act on the transmitter release machinery, the activation of presynaptic GABA A receptors reduces transmitter release at the presynaptic nerve terminals by decreasing the amplitude of action potentials (Cattaert and El Manira, 1999) . These studies suggest Figure 10 . GABA A receptor-mediated presynaptic depolarization induces presynaptic inhibition of evoked glutamate release. All recordings were obtained using a slice preparation. A, The effect of muscimol on eEPSCs. a, A time course of eEPSC amplitude before, during (closed circles), and after the application of 0.5 M muscimol (n ϭ 3). b, The absolute changes in eEPSC amplitude in response to muscimol. Open circles represent the individual results from four experiments, whereas the closed circles and error bars indicate the mean Ϯ SEM. Insets, Typical traces of eEPSCs in the control condition and in the presence of muscimol. B, Cumulative probability plots of sEPSC interevent intervals ( a) and amplitudes ( b) . Note that the cumulative distribution of sEPSC amplitudes was not changed by adding 0.5 M muscimol, indicating that no change in the postsynaptic membrane properties occurred.
that presynaptic inhibition because of the activation of presynaptic GABA A receptors acts as one of the inhibitory feedback systems involved in the regulation of neuronal excitability. Despite these previous findings, the present study clearly shows that GABA A receptor-mediated presynaptic depolarization can facilitate spontaneous glutamate release. In the slice preparation, muscimol again increased spontaneous release but also slightly decreased eEPSC amplitude. However, it is still unclear whether at higher concentrations muscimol-induced presynaptic depolarization induces presynaptic inhibition for evoked release. Further studies need to address the relationship between the presynaptic GABA A receptor activation and presynaptic inhibition at these synapses.
GABA is closely related to VMH function. Experimental manipulations of GABAergic systems influence many functions that are, in part, regulated via the VMH, including reproductive functions and behavior (McCarthy, 1995) , autonomic functions (Takenaka et al., 1995) , and feeding behaviors (Dube et al., 1995) . In addition, a recent study has suggested that intrinsic GABA within the VMH directly influences the embryonic development and organization of the VMH (Tobet et al., 1999) . Thus, GABA plays a pivotal role in both the development and the regulation of VMH functions. Consequently, the present results suggest that GABAergic modulation of spontaneous glutamatergic transmission may contribute to the tropic and trophic roles of GABA in VMH function.
